The International Agency for Research on Cancer (IARC) and the United States Environmental Protection Agency (USEPA) classified ethylene oxide (EtO) as a known human carcinogen. Critically, both noted that the epidemiological evidence based on lymphoid and breast cancers was "limited," but that the evidence in animal studies was "sufficient" and "extensive" (respectively) and that EtO is genotoxic. The USEPA derived one of the highest published inhalation unit risk (IUR) values (3 Â 10 À3 per [mg/m 3 EtO]), based on results from 2 epidemiological studies. We performed focused reviews of the epidemiological and toxicological evidence on the carcinogenicity of EtO and considered the USEPA's reliance on a genotoxic mode of action to establish EtO's carcinogenicity and to determine likely dose-response patterns. Higher quality epidemiological studies demonstrated no increased risk of breast cancers or lymphohematopoietic malignancies (LHM). Similarly, toxicological studies and studies of early effect biomarkers in animals and humans provided no strong indication that EtO causes LHM or mammary cancers. Ultimately, animal data are inadequate to define the actual dose-response shape or predict tumor response at very low doses with any confidence. We conclude that the IARC and USEPA classification of EtO as a known human carcinogen overstates the underlying evidence and that the IUR derived by USEPA grossly overestimates risk. Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License (http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).
Summary
Ethylene oxide (EtO) is a highly reactive chemical used as a sterilizing agent and a feedstock for producing other chemicals. The International Agency for Research on Cancer (IARC) and the United States Environmental Protection Agency (USEPA) classified EtO as a known human carcinogen. 1, 2 Critically, both noted that the epidemiological evidence based on lymphoid and breast cancers was "limited" but that the evidence in animal studies was "sufficient" and "extensive" (respectively) and that EtO is genotoxic. The USEPA concluded, "Overall, confidence in the hazard characterization of EtO as 'carcinogenic to humans' is high" and derived one of the highest published inhalation unit risk (IUR) values (3 Â 10 À3 per [mg/m 3 EtO]), based on results from 2 epidemiological studies. This high IUR has fueled community-based risk assessments that predict alarmingly high cancer risks in communities surrounding facilities using EtO.
We performed focused reviews of the epidemiological and toxicological evidence on the carcinogenicity of EtO and considered the USEPA's reliance on a genotoxic mode of action (MOA) to establish EtO's carcinogenicity and to determine likely dose-response patterns. We then compared the EPA potency estimate with alternatives based on laboratory animal data.
Higher quality epidemiological studies demonstrated no increased risk of breast cancers (in fact, decreased risk was Introduction Ethylene oxide (CAS Number 75- , also known as oxirane, is a highly reactive chemical used as a feedstock for the production of other chemicals, including glycol ethers and polyglycol ethers, as well as a variety of emulsifiers, detergents, and solvents. Ethylene oxide also is widely used to disinfect medical equipment, especially components that would be damaged if heat sterilized, and as a fumigant for disinfecting food products, including spices. 2 The IARC classified EtO as a group 1 carcinogen (carcinogenic to humans), even though they determined that "There is limited evidence in humans for a causal association of ethylene oxide with lymphatic and haematopoietic cancers . . . and breast cancer." However, the IARC Working Group also concluded: "There is sufficient evidence in experimental animals for the carcinogenicity of ethylene oxide" and, "There is strong evidence that the carcinogenicity of ethylene oxide, a direct-acting alkylating agent, operates by a genotoxic mechanism." The IARC evaluation ended with the following: "In making the overall evaluation, the Working Group considered that there is sufficient evidence for the carcinogenicity of ethylene oxide in experimental animals, and relied heavily on the compelling data in support of the genotoxic mechanism described above." 2(p396) In December 2016, the USEPA issued in final form Evaluation of the Inhalation Carcinogenicity of Ethylene Oxide (CASRN 75- , updating a 1985 risk assessment and a revised draft in 2006. The USEPA's final, 2016 version, following IARC's 2012 evaluation, classified EtO as a human carcinogen, upgrading its 1985 classification of EtO as "probably carcinogenic to humans" (Group B1), but "bordering on Group B2, however, because of limitation in the human evidence." 3 The USEPA justified the decision to classifying EtO as "carcinogenic to humans" as follows:
. . . (1) strong, but less than conclusive on its own, epidemiological evidence of lymphohematopoietic cancers and breast cancer in EtO-exposed workers, (2) extensive evidence of carcinogenicity in laboratory animals, including lymphohematopoietic cancers in rats and mice and mammary carcinomas in mice following inhalation exposure, (3) clear evidence that EtO is genotoxic and sufficient weight of evidence to support a mutagenic mode of action for EtO carcinogenicity, and (4) strong evidence that the key precursor events are anticipated to occur in humans and progress to tumors, including evidence of chromosome damage in humans exposed to EtO. Overall, confidence in the hazard characterization of EtO as "carcinogenic to humans" is high. 1 The USEPA also increased 30-fold the IUR estimate for adults from 1 in 10 000 to 30 in 10 000 excess cancers per microgram per cubic meter. Inhalation unit risks can be interpreted roughly as a standardized carcinogenicity potency index and can be compared with those of other carcinogens. For example, the updated IUR for EtO is 100 times higher than the IUR for 1,3-butadiene, and nearly 700 times higher than the IUR for vinyl chloride, both well-established human carcinogens. The USEPA IUR is 1000 times higher than the unit risk number of 4 ppb proposed by the Texas Commission on Environmental Quality for EtO, based on the same epidemiological evidence. 4 The USEPA IUR for EtO, if valid, suggests that EtO is one of the most potent known human carcinogens.
Because the IUR is high, the concentration of EtO considered "safe" (ie, associated with no more than a one in a million increased lifetime cancer risk) is very low: it was estimated to be 0.0002 mg/m 3 [0.0001 parts per billion (ppb), which is equivalent to 0.1 parts per trillion (ppt)]. This concentration is well below the current limit of detection 5 and thousands of times lower than estimated endogenous levels of EtO in humans. 6 Derivations of community-level cancer risks using this high-potency estimate for EtO have led to alarmingly high cancer risk estimates in some communities, as well as plant closings and proposed banning of the chemical. 7, 8 To better understand the basis for IARC and USEPA classifying EtO as a known and extremely potent human carcinogen, we performed a focused critical review and synthesis of the epidemiological and animal toxicological evidence on the carcinogenicity of EtO. Further, we considered USEPA's conclusion of a mutagenic mode of carcinogenic action and evaluated the possible dose-response and interspecies differences in potency. The USEPA's 9 guidelines for carcinogen risk assessment state that "The approach to dose-response assessment for a particular agent is based on the conclusion reached as to its potential mode(s) of action for each tumor type," meaning doseresponse evaluations should be motivated by knowledge of biology and MOA, and not mathematical analysis alone. The goal of this review and integration of evidence was to validate, if possible, the dose-response analysis leading to USEPA's extremely high IUR estimate.
Methods

Epidemiology Literature Review
We conducted a critical review and synthesis of the epidemiologic studies on occupational exposure to EtO and cancer. Studies first were identified from the 2016 USEPA review. Additionally, we performed searches of PubMed using the terms "ethylene oxide" and "epidemiology"; however, no additional relevant case-control or cohort studies were identified.
We performed a quality-based evaluation of each study using the domains (except "Other") and associated criteria from the USEPA's Application of Systematic Review in TSCA Risk Evaluations 10 which was updated in 2019. 11 Specifically, an overall quality judgment was given for the most recent update of each of the relevant cohort or case-control studies based on the domains of (1) exposure characterization, (2) study participation, (3) potential confounding/variability control, (4) outcome assessment, and (5) analysis (see Supplemental Table S1 ). Each study was rated high, medium, or low quality on each domain separately for breast cancer or the combined category of all LHM, but numerical quality scoring was not used. In addition, an overall quality rating for each study was derived based on the average of the domain ratings.
Toxicology Data Selection and Review
We relied on the human and laboratory animal data described and summarized by the USEPA toxicological review (see Tables 3-3 to 3-8 of USEPA, 2016) . 1 Additionally, we performed searches of the PubMed database to identify any additional relevant 2-year cancer bioassays; however, none were found. Studies that identified increases in effect (with reported mean and standard deviation) in 2 or more exposure concentrations above control were considered for doseresponse modeling.
Ethylene oxide-induced DNA adducts and mutations were selected as early key events in the MOA for dose-response analysis and interspecies response comparison. Chromosomelevel effects, including chromosomal aberrations and indicators of chromosome damage (ie, sister chromatid exchanges and micronuclei formation) were also assessed. Relevant studies with statistically significant findings, as reported by USEPA, were selected for evaluation.
Dose-Response Modeling
Dose-response modeling was conducted using the USEPA's benchmark dose software (BMDS 3.1.1.). All frequentist models were considered with default conditions, including extra risk assumptions for background and a benchmark response of 10%. We relied on the USEPA's model selection guidance 12 and made no professional judgments regarding model fit or selection. Any model with a goodness of fit P value >.1 was considered "adequate." When Bayesian model averaging was considered, the model had uninformative priors and assumed no difference in model weight on the average.
Epidemiology of Occupational EtO Exposure and Breast Cancer and LHM
All relevant publications reported results from occupational cohort studies except for one community-based case-control study. Kiran et al 13 conducted a community-based case-control study of 31 lymphoma cases from 22 centers in 6 European countries and evaluated 35 chemicals including EtO estimated by experts based on interview responses. No clear association was observed between "ever exposed" to EtO and risk of lymphoma (odds ratio [OR] ¼ 1.3, 95% confidence interval [CI]: 0.7-2.1) or any other exposure surrogate except for workers with >5% of estimated working hours exposed to EtO (OR ¼ 4.3, 95% CI: 1.4-13.0). We did not consider this study for further review because (1) it was the only population-based case-control study, which is considered a weaker study design, and (2) examined lymphomas only.
Hogstedt 14 is the most recent of 3 updates of a study of 709 workers from 3 Swedish plants producing EtO. [15] [16] [17] Exposure was based on duration of employment and job title; however, time-weighted average EtO exposures from 1963 to 1976 were estimated at 5 to 8 ppm. 17 Cancer incidence through 1983 and mortality through 1985 were ascertained from the cancer registry. Nine "blood and lymphatic" and no breast cancers were reported. Kiesselbach et al 18 followed a cohort of 2658 men employed at 8 chemical plants in Germany and exposed to EtO for at least 1 year between 1928 and 1981. Exposure to EtO was based on job history with type of exposure, duration of exposure, date beginning and ending work, and a description of accidents or shutdowns. Cause of death was obtained through 1982 from lay statements, physician reports, and hospital reports. Only 5 LHM deaths were reported. Bisanti et al 19 followed a cohort of 1971 chemical workers for mortality from 1940 to 1984. All were men employed at some point during 1938 to 1984 and licensed to handle EtO (637 were licensed only for EtO). Exposure to EtO was assumed as no exposure data were available. Five of 6 LHM deaths occurred among the EtO-only licensed cohort.
Norman et al 20 followed a cohort of 1132 sterilization workers employed between 1974 and 1980 for cancer incidence and mortality through 1987. Exposure to EtO was assumed but not quantified. Cancer outcomes were identified through interviews, review of medical records, mailed surveys, cancer registry data (1985) (1986) (1987) (1988) (1989) , and the National Death Index. Standardized incidence and mortality ratios (SIRs and SMRs, respectively) were estimated using reference rates from the NCI Surveillance, Epidemiology, and End Results Program (SEER; 1978 -1981 and 1981 and Western New York (1979) (1980) (1981) (1982) (1983) (1984) . Twelve of the 25 cancers in women were breast cancers, and only 3 cancers were identified in men. No LHM results were reported.
Olsen et al 21 followed through 1992 a cohort of 1361 men employed !30 days from 1940 to 1992 in 1 of 3 United States plants producing EtO. Work histories were evaluated by plant experts to determine exposure based on job titles and departments. Mortality data through 1992 were obtained from plant health surveillance systems, Social Security records, and the National Death Index. Ten LHM deaths were identified.
Coggon et al, 22 updating Gardner et al, 23 evaluated cancer mortality risks through 2000 among a cohort of 2876 workers from 4 companies that had manufactured or used EtO and 8 hospital sterilization units. Exposure categories were based on job classification, and reported time-weighted average EtO concentrations prior to 1977 were less than 5 ppm in "almost all jobs." Cancer mortality was based on death certificates, with 11 breast cancer and 17 LHM deaths observed.
Steenland et al 24 evaluated breast cancer incidence in 7576 women employed in sterilization facilities for at least 3 months from the 1940s to the 1980s. Exposure to EtO was modeled for all years from limited measurement data and process change information. Breast cancer incidence data were obtained via interview, death certificates, cancer registries, and medical records; in situ cases were included. Standardized incidence ratio analyses were conducted using SEER referent rates by categories of cumulative EtO exposure. A nested case-control analysis also was used to evaluate the 311 observed breast cancer cases.
Steenland et al 25 updated the US National Institute for Occupational Safety and Health (NIOSH) cohort of 18 235 men and women employed in sterilization facilities. [26] [27] [28] Exposure to EtO was estimated based on modeled exposures for all years based on limited measurement data and process change information. A total of 2835 deaths were observed through 1998. Vital status and cause of death were ascertained via the National Death Index. Life table analyses were conducted using the US population as referent: 103 breast cancer and 79 LHM deaths were reported.
Swaen et al 29 updated through 2003 a cohort of 2,063 men employed at any time between 1925 and 1988 in 2 US facilities producing or using EtO; this cohort had been previously investigated in 4 studies. [30] [31] [32] [33] Exposure was estimated based on interviews and industrial hygiene measurements. Cause of death was obtained from the National Death Index and analyzed using mortality rates for US men as the referent. A total of 27 LHM deaths were reported. Valdez-Flores et al 34 pooled the mortality updates of Swaen et al 29 and Steenland et al. 25 Mikoczy et al 35 updated a cohort of 2,171 men and women employed for at least 1 year prior to 1986 in 2 sterilization facilities in Sweden. 36, 37 Detailed exposure assessment was derived based on 2 plant-specific job exposure matrices. Incidence data were obtained from the Swedish Cancer Registry and cause of death from the Swedish population registry for 1972 through 2006. A total of 41 breast cancers and 18 LHM were analyzed using national referent rates. A nested casecontrol analysis also was performed.
Breast Cancer
Five updated occupational cohorts-primarily sterilization workers exposed to EtO-reported results for female breast cancer. 20 Supplemental Table S2 . Figure 1 presents forest plots of the results of the studies grouped by overall quality rating and random-effects metarelative risk (RR) estimates for the high-quality studies (the only category with more than one study). The medium-or high-quality studies reported no increased risk and suggested slight deficits of breast cancers. The breast cancer metaanalysis resulted in a meta-RR of 0.92 (95% CI: 0.84-1.02) for the high-quality studies. The only study reporting an increase in breast cancers was classified as low quality. 20 Despite reporting no overall increase in breast cancer risk and statistically significant deficits in the lowest exposure group (SIR ¼ 0.52, 95% CI: 0.25-0.96 for 0-0.13 ppm-years 35 and SIR ¼ 0.74, 95% CI: 0.57-0.97 for <647 ppm-years and no lag 24 ), both Mikoczy et al 35 and Steenland et al 24 performed RR analyses for EtO exposure and breast cancer using the groups with risk deficits as the referent group. This presents interesting methodological questions of relevance and validity. Figure 2 presents the SIRs and corresponding confidence intervals from Steenland et al, 24 the breast cancer study with the most exposure categories, that ultimately served as the basis for the 2-piece linear model for breast cancer used in part by USEPA 1 to derive the IUR for EtO. Although the original study data indicate risk deficits in all but the highest exposure levels (not statistically significantly), the USEPA selected the RR analyses from Steenland et al 24 -which USEPA claimed to be superior to estimates based on the general population-to construct a 2-piece dose-response model predicting positive risks at all nonzero exposure levels. The rationale for considering the recalibrated risk estimates to be preferable was not explained. Figure 3 presents the breast cancer analyses and doseresponse lines using USEPA's reanalysis of the data from Steenland et al. 24 This analysis also reclassified cumulative exposure into 10 arbitrary categories such that each contained about the same number of cases. The USEPA's dose-response analysis did not include a simple linear model; therefore, we fit a linear regression to the reported rate ratios from USEPA 1 and Steenland et al. 24 This figure demonstrates that these analyses, when recalibrated so that the referent group is reset from a statistically significant deficit to "background" (ie, RR ¼ 1.0), exhibit a dose-response relationship that appears to be generally linear. Steenland et al 38 also examined numerous alternative models of the NIOSH cohort internal comparison data for breast cancer across multiple exposure categories noting that many of the different models reasonably fit the data. Steenland et al 38 highlighted that the 2-piece model exhibited a steep increase in risk across the lowest cumulative exposure categories followed by attenuation across higher levels. No discussion or rationale was provided for recalibrating the data using a referent group that demonstrated a statistically significant deficit. This gave rise to the "supra-linear" 2-piece dose-response model.
Lymphohematopoietic Malignancies
Several occupational cohort studies reported associations between EtO exposure and various lymphohematopoietic cancers. 13, 14, [18] [19] [20] [21] [22] 25, [29] [30] [31] [32] 35, 37, 39 Although the cancers within the broad category of lymphohematopoietic cancers have several different known or suspected causes, the combined LHM category may be the only way to provide a general summary across studies. Presumably, if a strong excess of any specific type or group of LHM, such as "lymphoid cancers," were caused by EtO, the all LHM category would reflect some modestly increased risk and that stratified analyses by specific LHM would identify the specific cancer(s) contributing to the increased risk of all LHM.
Eight publications reported results for combined LHM based on the most recently updated cohorts. 14, 18, 19, 21, 22, 25, 29, 35 For exposure assessment, Mikoczy et al 35 and Swaen et al 29 were rated as high quality, Steenland et al 25 as medium quality, and the remaining studies as low quality. Four studies were rated high quality 21, 25, 29, 35 and 4 studies were rated as medium 14, 18, 19, 22 on study participation. For outcome assessment, Mikoczy et al 35 was rated as high quality and Kisselbach et al 18 as low quality with all others as medium quality. Only Steenland et al 26 was rated high quality for variable control and potential confounding. Kisselbach et al 18 and Hogstedt 14 were rated as low quality, while the remaining 5 publications were rated as medium quality. Bisanti et al, 19 Kisselbach et al, 18 and Hogstedt 14 were all rated as low quality for analysis. Steenland et al 25 and Mikoczyet al 35 were determined to be of medium quality with the remaining 3 studies achieving a high rating. Details of the ratings for each study are reported in Supplemental Table S3 . Figure 4 presents the results for LHM by category of overall study quality and a random-effects meta-analysis for each quality category. None of the 6 studies rated as medium or high quality reported statistically significant increases for LHM, and SMRs clustered around the null with relatively narrow confidence limits. In contrast, 3 of 4 studies we considered as low quality reported increased LHM, 2 of which were statistically significant. 14, 19 These were notably the studies with the smallest numbers: the 2 largest studies, both rated as high quality, demonstrated no excess LHM as a group (SMR ¼ 0.889 in Swaen et al 29 25 but leukemia SMRs were near unity overall, for both men and women. Because few studies reported results for the same specific LHM, the small numbers reported for each, and the apparent mixed results by gender, meaningful syntheses at the individual disease level is not possible. Simple dose-response relationships between EtO exposure estimates such as duration of employment or cumulative exposure and LHM were examined in several studies. 13, 19, 21, 25, 29, 35 No consistent evidence of any dose-response relationship was observed.
Given the large numbers of LHM deaths reported in Steenland et al 25 and the stronger exposure estimates, it in principle should present the best opportunity to evaluate potential dose-response relationships. Figure 5 presents Steenland et al's 25 hematopoietic cancer mortality analyses and doseresponse lines using USEPA's reanalysis of the data from Steenland et al. 25 As with the breast cancer analysis, the USE-PA's dose-response analysis did not include a simple linear model; therefore, we fit a linear regression to the reported odds ratios from USEPA, 1 with the intercept forced to the origin (as is done with the USEPA's other models). Based on a weak trend for lymphoid tumors for both genders combined, Steenland et al 25 presented a log cumulative exposure model with a 15-year lag for males as the "best fitting" model. However, the large discrepancy between this model and one based on the original study SMR results was not adjudicated.
Epidemiology Synthesis
For breast cancers, the studies indicated slightly lower risk overall, but among those in the lowest cumulative EtO exposure category, the risk was profoundly lower. 24, 35 For LHM, the studies rated as medium or high quality demonstrated no increase or decreased risk, although some sporadic associations were reported for specific categories of LHM, with no consistency across studies or specific LHM. Limitations to this body of literature include small numbers of specific LHM, use of weak exposure surrogates in lieu of quantifiable individual exposure data, and possible mixed exposures. Nevertheless, the evidence from several studies of workers exposed to relatively high concentrations of EtO over relatively long duration in a range of workplace settings fails to demonstrate clear or consistent associations between occupational exposure to EtO and breast cancer or LHM as a group. The literature currently precludes evaluation of specific LHM. 
Toxicological Evidence of Carcinogenicity
The lack of association between occupational EtO exposure and breast cancer or LHM may reflect the lack of an underlying causal association, at least at the levels to which workers historically had been exposed to EtO. In order to perform quantitative risk assessment, the evaluation of the tumorigenic dose-response for EtO in animals is needed to eliminate these uncertainties and to allow confirmation of the biological relevance (or lack thereof) for these tumors. Tumor incidence data from relevant end points (ie, LHM or breast cancer-related tumors) are summarized in Table 1 . The available in vivo 2-year cancer bioassays provide limited evidence that EtO causes mammary tumors or LHM, [40] [41] [42] contradicting the USEPA's justification for classifying EtO as a known human carcinogen. 1 The USEPA stated that there was "extensive" evidence of cancers in laboratory animals (specifically LHM and mammary cancers), but when considering these data for dose-response analysis, only the leukemia incidence data in female Fischer 344 (F344) rats, reported by Snellings et al, 42 meet the USEPA's 12 requirements for estimating a benchmark dose (BMD). Specifically, a study requires the following minimal criteria: (1) a minimum of 2 doses with tumor incidence above control and (2) a significant dose-related trend.
Other tumors are noted by the USEPA, 1 specifically lung, brain, and uterine cancers. However, BMD models on these end points are not as sensitive as the models of leukemia incidence (data not shown) and would not be recommended for use in derivation of an IUR. Testicular mesothelioma may be equally sensitive to leukemia incidence, but this cancer type is uncommon in humans and the incidence across studies 42,43 is highly variable (ie, 13%-27% response at 100 ppm).
There is no epidemiological evidence of an EtO-related increase in these tumors. 2 Although the F344 rat data 42 show an apparent doseresponse trend in leukemia incidence, the National Toxicology Program (NTP) ceased use of F344 rats in their 2-year bioassays due to high background control incidence of mononuclear cell leukemia (MNCL). 45, 46 Historically, approximately 20% to 50% of F344 controls develop MNCL over the course of their lifetime. 45 Therefore, the observed leukemia doseresponses in F344 rats may not be relevant to humans.
Although most of the animal studies on EtO-associated LHM and mammary tumors are negative and/or do not meet the USE-PA's 12 recommended requirements for data selection in doseresponse modeling, quantitative dose-response models can be fit to some of the cancer incidence data presented in Table 1 . Examples of possible dose-response shapes for lymphoma, mammary carcinoma, and leukemia are shown in Figures 6, 7 , and 8, respectively. All models were fit using the USEPA's BMD Software (BMDS Version 3.1.1). The USEPA's 12 BMD guidance states that only models with a goodness of fit P value >.1 are adequate for use in BMD estimation, although multistage models with a goodness of fit P value >.05 may be considered. For lymphoma, only 2 models, the g and log-logistic models are appropriate for estimation of a BMD and benchmark dose lower limit (BMDL) for malignant lymphoma, with a P value >.1. The multistage model (2 degrees) has a goodness of fit P value of .07. All of these models predict a concave dose-response ( Figure 6 ). None of the models fit to the mammary carcinoma incidence had adequate fit, but the multistage model (with 1 and 2 degrees) had a goodness of fit P value of .057 and is shown in Figure 7 . For leukemia, all models adequately fit the data (Figure 8 ). Multiple dose-response shapes can be fit to 40 The EPA's reported incidence is slightly different. c Statistically significant. d The EPA did not report incidence of mammary carcinoma, likely due to the lack of a significant increase in tumor incidence. However, data from the original study 42 are reported here.
these data with satisfactory model performance, including models with thresholds or concave and convex curves. Additional information on model fit for each end point is provided in the Supplemental Material. Regardless of the model selected, there is no compelling evidence to indicate-at least at the relatively high doses administered-that the toxicological dose-response data follow a supralinear dose-response, such as the 2-step model used by USEPA in deriving the IUR for EtO. Although threshold or biphasic models may be feasible, there are too few data points associated with exposures clearly below the lowest observable adverse effect level (LOAEL) to validly select one of these.
As with the epidemiological evidence, there is no strong indication of a dose-response relationship between EtO exposure and lymphoma or breast and mammary cancers in rodents. However, a clear dose-response relationship is observed for leukemia ( Figure 8 ) in one study, although the responses were within the range of historical controls. Nevertheless, as shown in Figures 6 to 8 , dose-response models can be fit to the animal data and used for estimation of an IUR. The USEPA's 1 assessment did calculate unit risk estimates of approximately 3 to 4.55 Â 10 À5 mg/m 3 (1-2.5 ppb) from the animal bioassays (see table 4 -20 of the USEPA 2016 risk assessment) using a software program called Tox_Risk, rather than the USEPA's own BMDS. Furthermore, only one model type (multistage) was used, and the USEPA inappropriately dropped data due to nonmonotonic risk patterns. Current USEPA practice is to consider the full suite of models since no model is biologically informed, although USEPA's BMD guidance does denote an agency preference for the multistage model. 9, 12 Additionally, although removal of high-dose groups to address nonmonotonic dose-responses can be appropriate, it should not be done when there are only 2 exposed groups. The USEPA's model choices resulted in (ultimately) a straight line between the control and lowest evaluated dose. We therefore reevaluate these unit risk estimates using the USEPA's recommend BMDs and BMDLs, as calculated by the USEPA's BMDS software, which has multiple, flexible, dose-response shapes.
The recommended BMDL for lymphoma is approximately 51 ppm, which is adjusted to a lifetime equivalent of 9.1 ppm, based on the dosing regimen (ie, 6 h/d Â 5 d/wk). 40 This translates to an IUR of 0.011 or a 10 À5 risk at 0.9 ppb EtO. Mammary carcinoma incidence is not recommended for dose-response evaluation, but a BMDL of 37 ppm, or 6.6 ppm after duration adjustment (6 h/d Â 5 d/wk), 40 was predicted by the multistage model (degrees 1 and 2). All of the models adequately fit the leukemia response in female rats, 42 but the USEPA's BMDS software recommends the log-logistic model (BMDL of 6.9 ppm EtO). Because no model was markedly better than another, the modeled average BMDL, as calculated with BMDS Bayesian averaging, of 8.9, or 1.9 ppm after duration adjustment (ie, 7 h/d Â 5 d/wk) is also considered. This translates to an IUR of 0.053 or a 10 À5 risk at 0.2 ppb.
Synthesis of Animal Carcinogenicity Studies
The animal bioassay data confirm that there is no observed clear treatment-related risk of breast or mammary cancers. Lymphohematopoietic malignancies incidence in animals is unclear and may be a result of high historical background in the tested species. The ability to calculate an IUR for LHM, including lymphoma and leukemia, indicates a possible exposure-response relationship, although the animal data predict exposure-responses that are significantly less potent than those of the EPA's 2016 analysis. However, the IUR calculated from the leukemia incidence in female rats 42 is 20-fold more potent than the risk calculated by Texas Commission on Environmental Quality (TCEQ). 4 The IUR calculated from lymphoma incidence in female mice 40 is approximately 4fold more potent than the TCEQ unit risk, under the same assumptions. However, the USEPA's 1 risk estimation is approximately1000-fold more potent than the IURs derived from animal data and the TCEQ unit risk estimate based on the same epidemiological evidence.
Because both the epidemiological and toxicological evidence do not clearly demonstrate an association between EtO exposure and LHM or breast/mammary cancer (contradicting the USEPA 1 and IARC 2 cancer classifications), we consider MOA information to establish the plausibility of the association between EtO exposure and cancer risk, as well as predict the potential dose-response relationship(s).
Mode of Action
Description of the USEPA's Proposed MOA
The USEPA's 9 Guidelines for Carcinogen Risk Assessment emphasize use of MOA information in the assessment of the human carcinogenic potential of an agent. Mode of action refers to "a sequence of key events and processes, starting with interaction of an agent with a cell, proceeding through operational and anatomical changes, and resulting in cancer formation." 9 The term key event refers to "an empirically observable precursor step that is itself a necessary element of the MOA or is a biologically based marker for such an element." 9 Chemicals may exhibit carcinogenic action via numerous different modes of action, including mutagenicity, mitogenesis, inhibition of cell death, cytotoxicity with reparative cell proliferation, and immune suppression. 9 The USEPA conducted a MOA analysis for EtO carcinogenicity based on the Agency's MOA framework and concluded that "the weight of evidence supports a mutagenic MOA for EtO carcinogenicity" based on mutagenic, genotoxic, and carcinogenic outcomes in laboratory animal and human evidence. 1, 9, 47 Specifically, the USEPA proposed a mutagenic MOA for all tumor types with the following key events: "(1) DNA adduct formation by EtO, which is a direct-acting alkylating agent; (2) the resulting heritable genetic damage, including DNA mutations, particularly in oncogenes and tumor suppressor genes, and chromosomal alterations; and (3) clonal expansion of mutated cells during later stages of cancer development; eventually resulting in (4) tumor formation." 1 According to the USEPA, while other processes (eg, oxidative stress) may contribute to EtO-induced tumor formation, the available evidence suggests that mutagenesis is the primary MOA and limited to no evidence exists for alternative modes of action. 1 This mutagenic MOA is considered to be relevant to both breast cancer and lymphohematopoietic cancers, although additional tumor-specific mechanisms may apply. 1 Notably, according to the USEPA's 2005 Guidelines, a linear lowdose extrapolation approach should be used for a mutagenic MOA. 9 Based on this mutagenic MOA, the low-dose response for tumor formation is expected to be linear, but more recent arguments for nonlinear dose-responses and even thresholds also apply. 48 Given the USEPA's conclusion that EtO exhibits a mutagenic mode of carcinogenic action and using their supporting evidence, the intent of the present analysis was to identify key events in the MOA and evaluate the dose response and interspecies differences in potency for these end points. To identify end points for analysis, we organized the key events proposed by USEPA into response stages and described the proposed MOA in more detail in Figure 9 . Further, we have also drawn out details of the mutagenic and genotoxic mechanisms, which expands on the MOA and describes the biochemical and molecular interactions and responses for the key events, for the molecular initiating event and biochemical responses in Figure 10 . 49 As summarized by the USEPA, EtO is a direct alkylating agent, which upon exposure to cells, reacts with DNA to form DNA adducts. 1 EtO-induced DNA adduct formation is the molecular initiating event, or the initial chemical-organismal interaction at the molecular level that perturbs the cell and triggers the mutagenic MOA. 1, 50 At the biochemical level, insufficient repair or misrepair of DNA adducts can lead to genetic mutations (potentially in proto-onco and tumor suppressor genes), as well as cytogenetic effects. 1 At the cellular and organ levels, proliferation of preneoplastic foci results in clonal expansion of mutated cells, which leads to progression and ultimately formation of mammary tumors or breast cancers and LHM (the adverse outcome). 1, 49 More detailed descriptions of the 4 key stages are supplied in Supplemental Material, and as expanded in Figure 10 .
Evaluation of Dose-Response for Key Events
Overall, the proposed genotoxic MOA predicts that, in the lowdose region, the dose-response for cancer is expected to be linear. This predicted dose-response pattern is consistent with the animal tumorigenicity data (see in the range of the data. Dose-response analysis of the early effect data in humans and animals provides no evidence that a dose-response other than linear is justified, given the genotoxic MOA assumption and EPA policy. This determination is not due to an abundance of data suggesting clear, linear dose-response shapes but, instead, a general impression of linearity across the doses administered, as well as uncertainty and variability in the underlying human data that do not suggest departures from the linear low-dose extrapolation default from the current analysis.
For example, only one study identified a significant doseresponse relationship between EtO exposure and adduct arising from exogenous exposures. Yong et al 51 measured exogenous adduct formation in hospital workers and determined that the "high" exposure group had elevated exogenous adduct levels.
The study had a sample of only 58 employees, divided between "low" and "high" exposure groups, and compared with 6 controls. The exposure estimates were imprecise and the authors reported "considerable interindividual variation" in adduct levels. 51 Because of these study limitations and uncertainties, the observed numbers of adducts are highly variable, allowing for adequate fitting of an array of doseresponse models with drastically different shapes ( Figure 11 ). The uncertainties in dose-response shape for the key events, especially when human early effect data are used, demonstrate the importance of MOA when considering and selecting dose-response model shapes.
Evaluation of Species-Specific Differences
As noted in previous sections, there are dramatic differences in the expected cancer potency of EtO predicted by studies in animals and humans. Herein, we compare the potency of key events in the USEPA's proposed genotoxic MOA to determine whether underlying species-specific sensitivity may account for the 100-fold difference in cancer potency calculated by the USEPA. Figure 12 shows the no observed adverse effect level (NOAELs; or NOAEL equivalents) from humans and laboratory animals for selected key end points from the mutagenic MOA. For the interspecies response comparison, we used the USEPA tables 3-6, 3-7, and 3-8 to identify NOAELs or calculate NOAEL equivalents for each end point and study. When a NOAEL was not available, the LOAEL was divided by 10 to obtain a NOAEL equivalent, per the US USEPA's default LOAEL-to-NOAEL uncertainty factor. 52 For animal studies evaluating more than one exposure duration, the longest exposure duration was selected for analysis. For human studies reporting only a range of exposure concentrations, instead of a mean, the mean was calculated and used as the LOAEL or NOAEL. Measurements from human studies that evaluated only acute exposures (not in addition to chronic exposures; ie, accidental exposure group 53 ) or reported exposure concentration as peak or cumulative exposure rather than a time-weighted average or range 54, 55 were excluded from the figure.
The ranges of NOAELs shown in Figure 12 substantially overlap for the selected key end points. The same pattern was observed for micronuclei formation, another indicator of chromosome-level effects (not shown) with a NOAEL range from 20 to 50 ppm for animals and 0.0125 to 22.5 ppm for humans. Although the data suggest some possibility that humans are more sensitive than rodents, this is likely due to artifacts of study design and dosing selection (eg, animal studies use high doses that might not characterize responses at lower doses). Overall, these data demonstrate minimal difference in the human and animal responses to EtO exposure for selected key end points from the mutagenic MOA. Any differences would be in sensitivity, not dose-response shape based on dose-response modeling. This finding is in contrast to the roughly 2 orders of magnitude difference in the USEPA's total extra cancer IUR calculated based on human and animal data. 1 The differences in human and animal responses may be due to human data uncertainty (eg, small sample size, imprecise or uncertain exposures, higher interindividual variability for early biomarkers), or high environmental background exposures. Other possible explanations include differences in baseline physiology as well as toxicokinetics and toxicodynamics between humans and animals. However, comparisons of various measurements of endogenous conditions, exogenous exposures, ADME (absorption, distribution, metabolism, and excretion) characteristics, and effects do not suggest a 100fold difference in sensitivity between humans and laboratory animals, which again does not justify the 2 orders of magnitude higher cancer potency in humans compared to animals predicted by the USEPA. 1 Endogenous production of ethylene is similar between humans and laboratory animals (41 and 2.8 nmol/h in humans and rats, respectively). 56 Background N7-HEG adducts in DNA of unexposed laboratory animals and humans and the levels of adducts detected in rodents and humans vary widely and depend on the analytical method used. 1 However, Föst et al 57 evaluated N7-HEG adducts in lymphocytes from both humans and rats using gas chromatography-mass spectrometry and reported adduct levels on the same order of magnitude (8.5 and 5.6 picomoles/milligram [pmol/mg] DNA, respectively).
Additionally, blood concentrations of EtO in humans, mice, and rats exposed to a particular air concentration of EtO are approximately equal and are linearly related to inhalation concentration. 58 Ethylene oxide air/blood partition coefficients for humans and laboratory animals are on the same order of magnitude (61 in humans, 64 in rats, 74 in mice), which the USEPA 1 uses to justify using ppm equivalence for crossspecies scaling for extrarespiratory effects. [58] [59] [60] Ethylene oxide blood elimination half-lives are also not 100-fold different between humans and laboratory animals (42 minutes in humans, 11-14 minutes in rats, 2-3 minutes in mice). [61] [62] [63] These findings further do not support the 2 order of magnitude difference in cancer potency between humans and animals predicted by the USEPA. 1 Notably, the available data regarding EtO metabolism suggest that glutathione conjugation dominates in smaller animals such as mice and to a lesser extent rats (*20% in humans, *60% in rats, *80% in mice) and hydrolysis dominates in larger species, including humans (*80% in humans, 40% in rats, and 20% in mice). 1, 64 Although both of these pathways are considered detoxifying, the glutathione pathway is faster but Figure 11 . Uncertainty in the human data on ethylene oxide exogenous adduct formation allows for fitting of multiple dose-response shapes.
saturable, and mice have been shown to shift to slower hydrolysis at higher exposures. 1, 62 Specific laboratory animals generally have higher background cancer rates than humans for some tumor types. For example, background MNCL rates in Fisher rats from NTP studies approach 50%. 45, 65 Overall, the relative species differences in these various markers of exposure and effect for EtO for which data are available do not align with the orders of magnitude difference in cancer potency suggested by the USEPA-derived IUR from the epidemiology studies.
Discussion and Conclusions
Despite IARC's conclusion that "There is limited evidence in humans for a causal association of EtO with lymphatic and haematopoietic cancers . . . and breast cancer," and USEPA's acknowledging that the epidemiological evidence was "strong, but less than conclusive on its own," USEPA selected 2 epidemiological studies conducted by NIOSH as the basis for their derivation of the IUR for EtO. However, as demonstrated by our review and synthesis of the epidemiological evidence, occupational exposure to EtO was not clearly or consistently associated with the increased occurrence of breast cancers or LHM-or any cancer. In fact, one of the NIOSH studies demonstrated an anomalously statistically significant deficit of breast cancer among the least exposed workers, and no increase among more highly exposed workers. Similarly, fewer than expected LHM were observed in the lowest exposed group and no increase overall or among more highly exposed workers. Unfortunately, little consistency was found in the way study results were reported for specific LHM. Ideally, had results for at least major categories of LHM (eg, lymphomas, leukemias, myeloid malignancies, and perhaps their more common subtypes) been reported across more studies, a fuller evaluation might have been possible. Interpretation of risks associated with all LHM remains challenging unless the individual diseases comprising the group are evaluated.
Because further statistical analysis of "relative risk" designated the lowest exposed workers as the "referent" category, the groups of more highly exposed workers appeared to be at increased risk of breast cancers and LHM (specifically the subset described as "lymphoid cancers"). Although designating the least exposed members of a cohort as the referent constitutes a standard methodology in epidemiology, proper application requires verification that the group designated as the referent validly represents the background rate (ie, that unrelated to exposure) and does not have an unexplained (due to chance, bias, or possible biphasic effect) higher or lower rate of disease. In the USEPA risk assessment, the basic study data demonstrating no increased risk (and perhaps a "protective" effect among low exposure groups) appear to have been dropped in favor of the RR models recalibrated to the reduced risk of the referent groups.
The broader body of epidemiological studies demonstrates no increased cancer risks. We conclude that the epidemiological evidence may not reach the level described by IARC as "limited" and certainly does not comport with USEPA's conclusion that the evidence was "strong" (and presumably positive). This alone may not call into question the classification of EtO as a known human carcinogen but also does not support it. The measures of association and dose-response analyses in Steenland et al 25 and Swaen et al 29 were heavily relied upon by the USEPA when they concluded that EtO was carcinogenic to humans, as both of these studies had adequate sample size, quantifiable measurements of EtO exposure, and sufficient follow-up time. 1 Steenland et al 25 examined many cancers and reported a significant increased risk of bone cancer and NHL for males in the highest exposure category. However, the other subtypes of lymphohematopoietic cancers were not significantly increased at any level of exposure and their use of the transformed log cumulative EtO exposure metric limits these results. Similar to Steenland et al, 25 Swaen et al 29 investigated the association between EtO exposure and many cancers but did not report a significantly increased risk of any cancer or with each increasing exposure category. Additionally, the study by Swaen et al 29 was limited to only men and had mixed exposures to other chemicals besides EtO. Although we did not perform a new critical review of the animal toxicology studies on EtO and cancer, we did reconsider the animal studies identified in the USEPA review of EtO. Most of the study results were negative. This observation also is in striking contrast with USEPA's conclusion that there is "extensive evidence of carcinogenicity in laboratory animals, including lymphohematopoietic cancers in rats and mice and mammary carcinomas in mice following inhalation exposure." One study of leukemia in female F344 rats does provide results that include 2 doses above background 42 ; however, this study was conducted in a species with an unusually high background rate of leukemia and increases uncertainty in its use for risk assessment. However, this remains the only study demonstrating a clear dose-response relationship. Interestingly, the doseresponse function appears to be linear at the levels tested (ie, not precluding a threshold, given the consistently negative epidemiology studies). This further challenges the USEPA's use of a supralinear 2-slope dose-response function, albeit on the recalibrated epidemiological data.
Our review of the carcinogenic potential for EtO demonstrates the necessity of examining the evidence at the cellular level including an evaluation of the MOA and key events. Ethylene oxide is expected to be mutagenic and genotoxic in both humans and animals, but there is no evidence, based on evaluation of key events, that suggests animals and humans have highly different tumorigenic response rates (ie, no interspecies pharmacokinetic correction is needed) or response patterns. Evaluation of potential kinetic, dynamic, or metabolic differences between humans and laboratory animals did not identify significant differences that would explain or predict the drastic differences in toxicology-versus epidemiologybased IUR calculations.
Based on the USEPA's proposed genotoxic MOA, EtO at adequately high concentrations might be expected to increase cancer risk at some target tissues or organs. However, integrating this hypothesis with the negative epidemiological literature and animal toxicology evidence-which, at best, offers limited evidence of a carcinogenic response-aligns most closely with a classification of EtO as no more than "suggestive evidence of carcinogenic potential." 9 Given that EtO is plausibly carcinogenic based on the most likely MOA, a quantitative risk assessment may be warranted. However, the evidentiary basis for the risk assessment becomes problematic, as does the selection of the most appropriate dose-response model. The extensive evaluation of candidate models performed by Steenland et al 24, 25 resulted in the selection of a 2-stage spline model representing a steeply upward inclination followed by a segment with a more attenuated slope, which performed comparably well to a square root model. However, all of the models considered were "relative risk" models essentially recalibrated to the anomalously lowrisk level (ie, deficit risk) documented among the lowest exposed workers used as the referent group. It is understandable how the first segment of the 2-stage spine model appeared to indicate a greater risk slope than across higher exposure groups: It represents the change in risk from a group with an anomalous deficit of cancers back up to the background risk.
Reasons why the least exposed groups demonstrated lower than expected cancer rates are intriguing. A similar pattern was seen in studies conducted by Marsh et al 66, 67 on chloroprene exposure and risk of both lung and liver cancers, where overall slight deficits appeared to be driven by clear deficits in the lowest exposure group. 68 These observations raise important methodological questions regarding the underlying doseresponse relationship and whether the risk deficits observed among the lowest exposure groups reflect a protective effect, chance, or some form of study bias. Considering that many epidemiologists assume that the cancer rate in the lowest exposure group (often without validating this assumption), the potential problem may be more widespread.
Given that the epidemiological evidence is negative (including the NIOSH studies), we recommend that a proper risk assessment validly cannot be based on the epidemiological findings. Furthermore, the integration of the different lines of evidence does not justify deviating from the USEPA's standard dose-response guidance, that is, a modeling approach using MOA and the best available evidence-which for EtO comes only from one possibly questionable study of leukemia in female F344 rats. Assuming this study was valid for quantitative risk assessment, due to high species-specific background rates of leukemia, the dose-response (at least across the specific doses studied) may follow a linear dose-response relationship. We conclude, based on a focused critical review, synthesis and integration of the published epidemiological and toxicological studies on the carcinogenicity of EtO-informed by consideration of the MOA-that the scientific basis for both IARC's and USEPA's classification of EtO as a known human carcinogen is not as strong as stated in their respective reviews. Further, the USEPA's derivation of the IUR for EtO using a 2-piece, supralinear dose-response model-giving rise to one of the highest cancer potency estimates-appears not to be adequately justified based on the published literature and deviates from USEPA standard risk assessment guidance.
